The synthesis of cyclic ADP-carbocyclic-ribose (2), as a stable mimic for cyclic ADP-ribose, was investigated.
importance, the synthesis of cADPR analogs has been extensively studied by enzymatic and chemo-enzymatic methods using ADP-ribosyl cyclase.
3 ADP-ribosyl cyclase from Aplysia California mediates the intra-molecular ribosylation of NAD + and some modified NAD + analogs, which are prepared chemically or enzymatically, at the N-1-position of the purine moiety, to yield cADPR or the *Tel: +81-11-706-3228, Fax: +81-11-706-4980, e-mail: shu@pharm.hokudai.ac.jp (Scheme 1) . 3 However, the analogues that can be obtained by this method are limited due to the substrate specificity of the enzyme. Furthermore, even though ADP-ribosyl cyclase catalyzes the cyclization of NAD + analogs, in some cases the newly formed glycosyl bond is attached to the N-7 nitrogen of the purine ring: e.g. the enzymatic reaction product of inosine or guanosine analog of NAD + is not the desired N-1-cyclized product, but rather the N-7-cyclized products 4 and 5. 3g Accordingly, the development of flexible methods for synthesizing cADPR and a variety of its analogs is urgently awaited.
In cells, cADPR is synthesized from NAD + by ADP-ribosyl cyclase and acts as a transient second messenger; it is hydrolyzed promptly by cADPR hydrolase to give ADP-ribose and inactivated under physiological conditions. 2 cADPR is also known to be readily hydrolyzed non-enzymatically at the unstable N-1-glycosidic linkage of its adenine moiety to give ADP-ribose, even in neutral aqueous solution. 2d Although further intensive studies of cADPR are needed because of its biological importance, this biological as well as chemical instability of cADPR limits studies of its physiological role, at least to some extent. Therefore, stable analogues of cADPR that exhibit Ca 2+ -mobilizing activity in cells similar to that of cADPR are urgently required. We designed cyclic ADP-carbocyclic-ribose (2) and its inosine congener 3
(cIDP-carbocyclic-ribose, FIG. 1) 4 as stable mimics of cADPR, in which an oxygen atom in the ribose ring of cADPR is replaced by a methylene group. The mimics 2 and 3 should be resistant to both enzymatic and chemical hydrolysis, since they lack the unstable N-1-glycosidic linkage of cADPR. These analogs preserve all of the functional groups of cADPR, except for this ring oxygen, and these molecules should have a conformation similar to that of cADPR. Therefore, we expect that these analogs would effectively mobilize intracellular Ca 2+ , like cADPR, so that they could be used as pharmacological tools for studying the mechanism of cADPR-modulated Ca 2+ -signaling pathways. We previously achieved the synthesis of the inosine congener 3, 4 which is the first chemical synthesis of a cADPR analog 5 and may lead to the development of general methods for synthesizing cyclic nucleotides of this type. In this report, we describe the results of a synthetic study toward another target, cADP-carbocyclic ribose (2). The plan for synthesizing 2 is shown in Scheme 2, and is similar to that of our previous synthesis of the inosine congener 3. Cyclization of the 18-membered ring to form a pyrophosphate linkage is carried out by intramolecular condensation between the two phosphate groups of N-1-carbocyclic-8-bromoadenosine diphosphate derivative 6, which can be prepared from the N-1-(carbocyclic-ribosyl)-8-bromoadenosine derivative 7. Compound 7 would be obtained in an SN2 reaction between carbocyclic unit 8 and the protected 8-bromoadenosine derivative 9, which is prepared from adenosine (Ado). The carbocyclic unit 8, which was also used previously in the synthesis of 3, is prepared from optically active cyclopentene derivative
10.
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The condensation reaction between the two phosphate groups to form an intramolecular pyrophosphate linkage is the key step in the chemical synthesis of cADPR, and we as well as other groups have experienced that this key step is very difficult to achieve. [4] [5] [6] Therefore, the development of an efficient method for forming the intramolecular pyrophosphate linkage should greatly promote progress in this research area.
During previous synthetic studies on 3, we found that the syn-anti conformations around the glycosidic bond of the molecule are important with regard to whether or not the 
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Introducing a bulky substituent to the 8-position of purine nucleosides is known to restrict the conformation in a syn-form. 7-9 Therefore, we used an 8-bromo-substituted inosine analog 12 for the intramolecular condensation reaction, and in fact, the key intramolecular condensation reaction proceeded only when a bromo-substituent was introduced at the 8-position of the hypoxanthine ring of the substrate, and achieved the synthesis of 3. Based on these findings, we planned a synthetic scheme using 8-bromoadenosine derivative 9 as an adenine nucleoside unit, shown in Scheme 2. Another problem in this synthesis is the need to construct an N-1-carbocyclic-ribosyladenosine structure such as 7. When adenosine derivative 13 is treated with carbocyclic triflate 8, we would anticipate that not the desired N-1-carbocyclic product but rather the corresponding N 6 -product may be the main product. Therefore, protection of the 6-amino group would be needed considering the reactions described in Scheme 2. The N-1/N 6 -regioselectivity in the reaction of 8 with 9 would change depending on the protecting group introduced at the N 6 -position.
We first examined the reaction with a benzoyl (Bz) group, which is frequently used to protect the 6-amino group of adenosine (Scheme 3). When N 6 -benzoyl-8-bromoadenosine derivative 9a, prepared from 8-bromo-2',3'-O-isopropylidene-5'-O-TBS-adenosine (13), was treated with carbocyclic triflate 8 in the presence of K 2 CO 3 in DME, the desired N-1 product 7a was not obtained at all. In this reaction, the carbocyclic unit was substituted at the N 6 -benzoyl moiety to give N 6 -substituted product 15a and N 6 -methylidene-type product 16 in yields of 22% and 4%, respectively.
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A benzyloxycarbonyl (Cbz) group was next examined as a protecting group. However, the yield of the introduction of a Cbz group at the N 6 position was low, and the reaction of the resulting N 6 -Cbz derivative 7b with 8 gave N 6 -carbocyclic product 15b as a sole product.
Based on these results, we presumed that introduction of a rather electron-withdrawing protecting group at the amino group would decrease the nucleophilicity of the N 6 position, and therefore the desired N-1 product might be obtained predominantly (Scheme 4). Thus, we selected a trichloroacetyl group as a protecting group, and (14) was treated with CCl 3 COCl and Et 3 N in dichloroethane at 0 °C to give the corresponding N 6 -trichloroacetyl derivative 9c as a major product. However, this was unstable and immediately used for the next reaction with the carbocyclic unit 8 without purification. When 9c was heated with the carbocyclic unit 8 at 50 °C in the presence of K 2 CO 3 and 18-crown-6 in DME, the desired N-1-carbocyclic product 7c was obtained in 19% yield, and 14 was recovered in 61% yield after silica gel column chromatography. The regio-and stereochemistries of 7c were confirmed by NOE and HMBC experiments. When H-2 of 7c was irradiated, 4.0% and 12.0% NOEs at H-2" and H-1" of the carbocyclic moiety were observed (FIG. 4a) . The HMBC spectrum showed a correlation between C-2 of the adenine moiety and H-1" of the carbocyclic moiety. Although the yield was insufficient, this is the best result in our investigation for obtaining an
The DMTr group of 7c was removed with AcOH/THF to give 17 in 64% yield, which was further treated with TBAF/AcOH/THF to give diol 18 in high yield. The introduction of two phosphate groups at the 5' and 5"-hydroxyls was examined next. We previously used a We attempted the condensation reaction between the two phosphate groups that formed an intramolecular pyrophosphate linkage with the 8-chloroadenosine diphosphate derivative 19, since the chloro group, similar to a bromo group, should restrict the conformation around the glycosidic linkage and the syn-conformer in 19 would predominantly exist over the anticonformer. Thus, the intramolecular condensation reaction of 19 was investigated with 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) in N-methylpyrrolidone (NMP) under various conditions. Consequently, when 19 was heated with 2 equiv of EDC at 80 °C in NMP, the best result was obtained: the desired cyclic product was obtained after purification by ion-exchange column chromatography, although the yield was not sufficient (10%). 12 The cyclic structure of 20 was confirmed by the following data: 1) molecular-ion peaks corresponding to 20 were observed at m/z 796, 798, and 800 in a FAB mass spectrum; 2) its 31 P NMR spectrum showed two signals at -10.51 and -10.57 ppm, which are typical chemical shifts for a pyrophosphate moiety with a coupling constant (J = 12.5 Hz) similar to those of cADPR (-9.92 and -10.67 ppm, J = 14.6 Hz) 13 and 3 (-9.16 and -10.51, J = 10.7 Hz) 4 ; 3) when H-2 of the adenine moiety was irradiated, NOEs were observed at H-5" of the carbocyclic moiety (7.2%) and H-5'of the ribose moiety (FIG. 4b) , while such NOEs were not observed in uncyclized 19. Attempts to prepare cADPR or its analogs by chemical intramolecular condensation were first reported by Gu and Sih.
14 They investigated condensation between the two phosphate groups of N-1-phosphoribosyl-AMP (21) with EDC, but were unsuccessful (yield < 1%) (Scheme 5a). 13 Later, ring-closure of diphosphate 22 through the formation of a pyrophosphate linkage was examined by Potter and Fortt, but they failed (Scheme 5b). 5a On the other hand, we succeeded in the cyclization of the diphosphate substrates, i.e. inosine derivative 12 and adenosine derivative 19, which had a bromo or chloro substitution at the 8-position of the purine moiety. These results suggest that such a substituent at the purine-8-position facilitates the condensation reaction to form an intramolecular pyrophosphate linkage.
In summary, we designed carbocyclic analog 2 as a stable mimic of cADPR, and successfully constructed its 18-membered backbone structure. This is the first chemical synthesis of a cADPR-related compound with an adenine base. This study, as well as a previous synthetic study on cIDP-carbocyclic-ribose (3), has demonstrated that the 8-bromo or -chloro group in the purine moiety to facilitate the key intramolecular condensation reaction between the phosphate groups of N-1-(carbocyclic-ribosyl)purine nucleoside diphosphates. This is probably due to conformational restriction of the molecule in a syn-form around its glycosyl linkage.
Reductive removal of the 8-chloro group and deprotection of the 2',3'-O-isopropyridene group and the trichloroacetyl group are now under investigation.
Experimental Section
Melting points are uncorrected. NMR spectra were recorded at 270, 400, or 500 MHz ( 1 H mmol), and TBSCl (3.10 g, 20.8 mmol) in DMF (100 mL) was stirred at room temperature for 3 h. EtOAc and water were added and the mixture was partitioned. The organic layer was washed with water and brine, dried (Na 2 SO 4 ), and evaporated. The residue was purified by silica gel column chromatography (hexane/EtOAc 
8-Bromo-5'-O-(4,4'-dimethoxytrityl)-2',3'-O-isopropylideneadenosine (14)
. A mixture of 8-bromo-2',3'-O-isopropylideneadenosine 9 (6.0 g, 15.5 mmol) and DMTrCl (7.9 g, 23.3 mmol) in pyridine (60 mL) was stirred at room temperature for 7 h. EtOAc and water were added and the mixture was partitioned. The organic layer was washed with water and brine, dried (Na 2 SO 4 ), and evaporated. The residue was purified by silica gel column chromatography (hexane/EtOAc, 1:2) to give 14 ( 
-Benzoyl-8-bromo-5'-O-tert-butyldimethylsilyl-2',3'-O-isopropylideneadenosine (9a).
A mixture of 13 (10 g, 20.0 mmol) and BzCl (7.0 mL, 60.0 mmol) in pyridine (100 mL) was stirred at room temperature for 7 h. After ice was added, the resulting mixture was stirred at room temperature for 1 h, and then NH 4 OH (28%, 8.0 mL) was added at 0 °C, which was further stirred at room temperature for 17 h. EtOAc and water were added and the mixture was partitioned. The organic layer was washed with water and brine, dried (Na 2 SO 4 ), and evaporated. The residue was purified by silica gel column chromatography (hexane/EtOAc, 2:1) to give 9a (9. (838 mg, 6.06 mmol) in DME (7 mL) was heated under reflux for 4 h. To the mixture was added a solution of 8 (2.57 g, 6.06 mmol) in DME (3 mL) at 50 °C, and the resulting mixture was stirred at the same temperature for 12 h. EtOAc and water were added and the mixture was partitioned. The organic layer was washed with water and brine, dried (Na 2 SO 4 ), and evaporated. The residue was purified by silica gel column chromatography (hexane/EtOAc 
